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Acoustic noise production during Magnetic Resonance Imaging is an important source of patient discomfort and leads to verbal communication problems, difficulties in sedation, and hearing impairment. To address these issues, in this paper we present a systematic characterization of the acoustic field distribution in a MRI cavity in a last generation 7 T scanner, in different spatial locations, with and without a phantom head. Analysis and comparison of various MRI sequences like Echo-planar imaging”, “Gradient echo”, “Spin echo” are carried out. Sound pressure levels are measured using standard statistical descriptors ([image: image] [image: image], [image: image], and [image: image]) using two prepolarized free-field microphones measuring pressure levels generated inside scanner cavities in a 50 Hz to 10 kHz range. Acoustic eigenmodes of the cavity are derived numerically in finite element simulations and compared to measurements. Equivalent sound pressure levels exceed 85 dB in the range between 500 and 3,000 Hz, and peak levels are consistently above 100 dB, i.e., the noise levels of 7 T scanners are higher than 3T and 1.5 T counterparts. The presence of the phantom head in the MRI scanner leads to increased noise levels (by 5–10 dB) in its vicinity, as a result of reflections occurring between the head and the bore reflective walls. Numerical finite element simulations allow to extrapolate the noise distribution in the entire cavity and to interpret experimental results and indicate that the frequencies at which the highest noise levels occur correspond to azimuthal or radial resonant modes of the MRI cavity, i.e., with a radially and azimuthally varying pressure field. These results can be useful for the design of future acoustic noise mitigation solutions.
Keywords: magnetic resonance imaging, acoustics, noise measurement, modal analysis, finite element simulation
1 INTRODUCTION
Magnetic Resonance Imaging (MRI) is a non-invasive 3D imaging procedure largely used in the field of medical diagnostics and follow-up. During an MRI session, magnetic field gradient commutations lead to extremely high acoustic noise levels, which can be a source of discomfort and even of harm for patients [1]. Acoustic noise is generated due to Lorentz forces caused by rapid current variations within the magnetic field gradient coils [2], which produce motion or vibration of the coils as they impact against mountings [3]. Aside from its inconvenience, the presence of strong acoustic noise can influence results of functional MRI measurements performed in the auditory [4], visual, and motor cortex [5], interfering with brain function and changing blood oxygenation level dependent signals [6]. The highest levels of acoustic energy for the most used pulse sequences, i.e., spin-echo, gradient-echo, and variant, are predominantly concentrated at low frequencies [7]. The noise spectrum may also vary according to the type of scanners. For example, Ravicz et al. have measured 1 kHz and 1.4 kHz peaks in 1.5 T and 3 T scanners, respectively [8]. They also showed that other noise sources, such as the cooling pump for the permanent magnet and the room air-handling system, may marginally increase the levels of acoustic noise.
Acoustic noise profiles are closely linked to the MRI pulse sequences and the type of scanners. Standard MRI systems may produce Sound Pressure Levels (SPLs) above the recommended 85 dB level on the linear scale [7] using clinically accepted MRI pulse sequences. In addition, larger gradients are expected to produce higher noise levels. An extensive investigation on the acoustic noise levels for various MRI systems with magnetic field intensity ranging from 0.2T to 3 T indicated acoustic noise to be larger for higher magnetic field intensities [9]. The corresponding values ranged from 82.5 dBA to 118.4 dBA. Higher SPL values were reported in the literature for 4 T MRI scanners, reaching values as high as 130 dB [10]. Open MRI scanners usually reduce acoustic noise, which is amplified in tunnel-configuration designs due to reverberation phenomena [11]. Noise levels are slightly increased when patients are present and may vary by 10 dB or more with respect to the longitudinal position in the scanner [12].
Noise measurement studies in MRI scanners are usually aimed at the development of noise reduction strategies to reduce patient discomfort. Possible solutions to reduce acoustic noise levels may include the redesign of the employed gradient coil in MRI scanners [13]. However, this approach would require significant modifications to the currently used equipment [14]. Approaches which do not require the redesign of the equipment include 1) pulse optimization for quieter imaging sequences, 2) Active Noise Control (ANC), and 3) passive noise control techniques [15]. The reshaping of applied MRI pulse sequences can lead to the suppression of selected frequencies and associated higher harmonics [16]. Although new sequence techniques appear promising in terms of noise reduction, image quality may be affected [17], thereby compromising the diagnostic performance [18]. Sequence conversion algorithms employed to optimize arbitrary MRI schemes also appear to be effective, leading to reductions between 14.4 dBA and 16.8 dBA [19]. However, such techniques may require specialized pulse programming or a considerable increase in the scanning time [20]. ANC techniques [21], on the other hand, introduce antiphase noise to create destructive interference and thus reduce the perceived levels of low-frequency noise [22]. Some examples include feedback adaptive ANC systems showing an average noise power reduction of more than 18 dB [23], hybrid control systems with both feedforward and feedback loops, numerically demonstrating a reduction of 20 dB for 4 T MRI scanner systems at the principal frequency component [24]. Such solutions, however, may be costly and therefore financially unfeasible. Passive noise control solutions such as headphones and earplugs [25] can be used as a simple and economical solution, with a noise reduction between 10 and 30 dB (3). However, the noise attenuation is achieved in a non-uniform manner, mostly attenuating high-frequency components, while also hindering the communication with patients.
Among the various passive noise control solutions proposed to address the issue of noise suppression, acoustic metamaterials [26] seem to be a particularly promising alternative, presenting novel properties not commonly found in natural materials, such as frequency ranges which prevent vibration propagation [27]. More specifically, plate-type structures have been demonstrated as exceptional solutions for the isolation of structure- and sound-borne noise [28, 29]. Examples of applications based on structural wave manipulation include systems with periodically distributed resonators able to achieve high sound transmission loss, including thick plates with resonators [30] and thin plates with arrays of attached resonators [31]. Also, bio-inspired plate structures with optimized two-dimensional periodic arrays of resonators have been shown to yield excellent sound transmission loss for selected frequency ranges [32], also reinforcing the preferred use of locally resonant structures to achieve high sound transmission loss values. Airborne sound attenuation solutions have also been proposed [33] and could provide a promising solution. However, to choose the appropriate noise abatement solution or to effectively design metamaterial structures, it is necessary to have a precise characterization of the acoustic field distribution in the scanner at various frequencies.
The use of numerical models may be of great use in this task. Various simulation approaches have been adopted to model the coil vibrations leading to acoustic noise generation in MRI [34] with many of them based on the Finite Element (FE) method [35–37]. Recent contributions have shown that even linear models can be representative of the involved phenomena if proper corrections are considered [38]. These models, however, must be verified and correlated with the actual test configuration, whose system performance specifications can be determined by performing series of tests with established standards [39]. The resulting measurements can then be used to design optimized structures able to alleviate the problem of noise generation in MRI systems.
In this study, we present a systematic acoustic characterization of a 7 T MRI scanner, considering various spatial locations in the bore hole, various pulse sequences and the presence of a phantom simulating the presence of a patient. The experimental measurements are coupled with a 3D FE model simulating the acoustic field distribution in the scanner, allowing to correlate measurements with resonance modes of the structure. The paper is structured as follows: Section 2 illustrates the experimental and numerical procedures, Section 3 presents measurement and simulation results, and Section 4 provides discussion of results and conclusions.
2 MATERIALS AND METHODS
2.1 Acoustic noise measurements
The acoustic noise measurements were performed in 7 T MRI scanners located in the specialized research centre at La Timone Hospital, Marseille. As illustrated in Figure 1, two configurations of microphone positions were used:
- Configuration A used in-line positions along the axis of the bore and aimed to evaluate the variability of noise levels over the longitudinal (z) axis of the bed plane at a height of 15 cm. The spatial intervals of these measurements were every 20 cm starting with a first calibration of the location at the isocenter of each scanner. A height of 24 cm was also tested at the isocenter.
- Configuration B included the presence of a phantom head and the position of the microphones was set at the level of the ear canal, at 3 cm distance and at a height of 9.5 cm.
[image: Figure 1]FIGURE 1 | Microphone setup with in-line positions (A) and with (B) the phantom head. The microphone positions (M1 and M2) are represented as red and white dots, respectively.
The “Echo-Planar Imaging” (EPI) sequence was used as a reference signal for the comparisons, since it has been associated with the largest noise levels in the literature [3]. However, some comparisons with other sequences, namely, “Gradient Echo” (GRE), and “Spin Echo” (SE), were performed. A summary of all the performed measurements is reported in Table 1, together with the employed sequences. The background noise levels were measured in the MRI scanner room while the scanner was inactive. These measurements were performed to account for the environmental noise levels related to the cooling pump and the room air-conditioning systems.
TABLE 1 | Summary of the measurements performed in the 7 T MRI scanner. Type of signal sequences are “Echo-planar imaging” (EPI), “Gradient echo sequences” (GRE), and “Spin Echo” (SE).
[image: Table 1]Two ½″ prepolarized free-field microphones (Type 4189 from B&K) were used for the measurements of the sound pressure levels generated in the MRI scanner. The microphones were equipped with a ZC0032 preamplifier and connected to a two-channel Phonometer (SPL meter, Type 2270 B&K) through AO-0441 cables (Figure 2). The microphones have a high sensitivity over a frequency range of 6.3 Hz–20 kHz. All equipment complies with IEC 61672 class 1. The microphones and cables are compliant with the IEC 61672 class 1 for high precision measurements. This type of setup has also been used in other studies on MRI noise, since it is unaffected by the magnetic field, thanks to appropriate shielding and the absence of any ferrous material [10, 38]. All other instrumentation, except for the microphones and microphone stands, was used in adjacent rooms to that hosting the MRI, due to the high magnetic field and incompatibility with metallic objects.
[image: Figure 2]FIGURE 2 | Acoustic measurements setup during calibration in the MRI control room.
The measured signals were analysed to determine the Leq (Equivalent Sound Pressure Level), which is the average sound pressure level during a period of time for each one-third octave band.
2.2 Numerical simulations
Numerical simulations were performed using a FE model representing the acoustic cavity. The cavity consists in a cylindrical bore delimited by a flat bottom on one side. The corresponding diameter and length were specific for each scanner. We show in Figure 3A a schematic of the dimensions for the scanner. The resulting acoustic cavity geometry is shown in Figure 3B, which is henceforth considered as configuration A (model without head phantom). An additional configuration B was also considered, in which the volume of a human head phantom is subtracted from the initial acoustic cavity (Figure 3C). Both models are meshed using linear tetrahedral elements with a typical length of 12 mm, thus yielding at least 6 nodes per wavelength up to 4 kHz. In both FE models, all the boundaries related to the interface between the acoustic cavity and the MRI bore were considered as perfectly rigid, while the edges of the acoustic cavity corresponding to the bore openings were considered as open ends, approximated as zero pressure boundary conditions [40]. Results are presented as relative pressure levels (i.e., atmospheric pressure corresponds to a zero pressure value).
[image: Figure 3]FIGURE 3 | (A) Acoustic cavity (bore hole) dimensions for the 7 T scanner. (B) FEM model for the considered acoustic cavity in configuration A (C) FEM model of the cavity in configuration B, obtained by placing the phantom head inside the cavity and subtracting its volume.
3 RESULTS
Before performing the acoustic noise characterization of scanning MRI conditions, the background noise levels were measured and their Leq were found to be below 75 dB, i.e., mostly negligible (<10 dB) compared to the levels measured subsequently. Further details are provided in the Supplementary Figures SM1, SM2.
3.1 Noise measurements in an empty cavity (configuration A)
Noise levels were first measured for the EPI sequence in the 7 T scanner at a constant height at the isocentre, and varying the position along longitudinal axis. Results are shown in Figure 4, showing the noise levels for each microphone position for the in-line measurements (this is also compared to 1.5 T and 3 T scanners in the Supplementary Figure SM3). In most of the cases, the measured sound level variations with position were below 10 dB, thereby indicating a relatively uniform noise excitation along the whole length of the cavity, and the prevalence of acoustic modes slowly varying along the axis of the cylinder axis, i.e., azimuthal or radial modes, as opposed to longitudinal ones [41]. There is also limited variability in sound levels as a function of microphone height in the cavity (see Supplementary Figure SM4), so that a constant height of 15 cm is chosen for all measurements, given its proximity to mean ear position of patients in the supine position.
[image: Figure 4]FIGURE 4 | EPI sequence sound level variation along the axis of the MRI cavity: Leq vs. frequency in one-third octave bands, measured at the isocenter for in-line distances of 20, 40, and 60 cm along the z-axis.
In general, equivalent noise levels above 80 dB were mainly reached in the frequency range between 500 Hz and 3 kHz, making this the most critical range to prioritize for noise reduction measures.
A more detailed approach, performed on the basis of a comparative analysis of waveforms, spectrograms and narrow band power density spectra for the three scanners (1.5 T, 3 T, and 7 T) and the corresponding results are reported in the Supplementary Figure SM3.
Three different types of MRI pulse sequences were then compared. These were chosen for their particularly high noise levels. The equivalent sound levels in third-octave bands for EPI, SE, and GRE pulse sequences at the isocenter of the 7 T scanner are shown in Figure 5. A similar trend for the equivalent sound pressure levels has been identified, with the highest levels occurring above 500 Hz. The differences between the three MRI pulse sequences are larger in the range between 80 and 500 Hz. The three MRI pulse sequences display Lpeak values above 100 dB. In particular, the EPI and SE sequences showed the same trend.
[image: Figure 5]FIGURE 5 | Noise level comparison between different MRI pulse sequences, at the isocenter of a 7 T scanner: (A) equivalent sound pressure level in one-third octave bands of EPI, SE, and GRE sequences. Noise level vs. frequency for (B) the SE sequence, (C) the EPI sequence, and (D) the GRE sequence.
3.2 Acoustic simulations in an empty cavity (configuration A)
To gain more insight from experimental results, numerical simulations were performed, as described in Section 2. Since it is impossible to reproduce in simulations the exact experimental boundary conditions, especially in terms of signal generation amplitudes and locations, the numerical study was limited to a modal analysis of the acoustic cavity. This allows to gain a better understanding of typical expected acoustic pressure spatial distributions, and to highlight recurring features, including amplitude maxima locations. An eigenmode analysis was thus first performed for configuration A. Two typical vibration mode types were mainly observed: longitudinal and azimuthal/radial modes. We choose to show, for illustration purposes, a single example of each aforementioned vibration mode, since the same conclusions can be drawn from analogous vibration modes at higher frequencies. Longitudinal-like modes showed constant normalized pressure (p) values for cross-sections in distinct z-coordinate values (Figure 6A), with a noticeable variation in pressure along the z-axis centreline (plotted for a 15 cm height in Figure 6B). Azimuthal or radial modes had opposing phases for the normalized pressure distribution for opposing x or y coordinates (Figure 6C) and a constant normalized pressure value along the cavity centreline (Figure 6D). The insets in Figures 6A, C show, for z between 150 mm and 200 mm, the absolute normalized pressure values (|p|), thus indicating that azimuthal or radial modes were concentrated on higher relative pressure values in the horizontal edges. Since the performed experimental measurements typically illustrated a small variation along the z-coordinate, this indicates that the MRI pulse sequences are mainly exciting azimuthal or radial vibration modes, probably as a result of the rotating operation of MRI scanners, which do not produce in-phase forces along the circumferential direction.
[image: Figure 6]FIGURE 6 | Typical simulated vibration modes. (A) Longitudinal-like vibration mode with a constant pressure distribution for each cross-section and (B) variable pressure along the bore centreline. (C) Bending-like (around the y direction) vibration mode with a varying pressure distribution for each cross-section (D) an almost constant pressure along the bore centreline. Insets correspond to z coordinates between 150 mm and 200 mm. Colour bars indicate either normalized (p) or absolute (|p|) pressures.
3.2 Noise measurements with a head phantom (configuration B)
The measurements in the presence of a phantom head show increased sound levels, due to strong reflections from the head towards the microphone positions. As shown in the Supplementary Figure SM5, results illustrate a very limited variability of the sound levels (Leq) over the area around the ears (±5 cm from the isocentre along x). In the following, only the left ear data (M1) will be shown, given the symmetry of the measurement set-up and the scanner geometry. Figure 7 shows the details of the sound levels measured in the 7 T MRI scanner at the isocenter position (along y) of the left ear microphone for the EPI sequence. The frequency dependence of the noise levels was similar to that shown in Figure 4 (relative to the isocentre position) whereas absolute values were slightly different. The highest noise levels occurred in the 500–700 Hz band, with Leq values up to 100 dB. Detailed waveform, spectrogram and narrow band power density spectral data are provided in the Supplementary Figure SM5.
[image: Figure 7]FIGURE 7 | Noise measurements with a head phantom: (A) EPI sequence evaluated as equivalent sound pressure level in one-third octave bands, (B) Noise level vs. frequency at the left ear isocenter position (M1).
To further evaluate the impact of the type of MRI pulse sequences, the equivalent sound levels in third-octave bands were compared for the EPI and SE sequences. The values for a 7 T scanner (Figure 8B) are compared to those measured in a 3 T scanner (Figure 8A), for reference. The EPI and SE sequences displayed similar frequency profiles in both scanners, but the corresponding values were larger at 7 T. More specifically, noise levels at 7 T were higher in the mid frequency range, reaching values around 100 dB. A more detailed analysis is provided, based on the comparisons of the waveforms, spectrograms and narrow band power density spectra in the Supplementary Figures SM6, SM7.
[image: Figure 8]FIGURE 8 | Noise Measurements with a head phantom: EPI and SE sequences evaluated as equivalent sound pressure level in one-third octave bands for (A) 3 T and (B) 7 T scanners at the left ear isocenter position.
Finally, a summary of results for the 7 T scanner is reported in Table 2, including all measurements in the two considered configurations, at different locations (isocentre, varying z-coordinates, and heights), for different signal sequences, and using different sound level descriptors: Leq, L90 (representing the levels that are exceeded for 90 percent of the time, usually used to quantify noise annoyance from industrial sources), Lmean (representing mean of the sound level), Lmode (representing the mode of the sound level).
TABLE 2 | Summary of M1 measured sound levels in the 7 T scanner, for different configurations (A or B), spatial locations, signal sequence type, and sound level descriptor.
[image: Table 2]3.3 Experimental-numerical comparison (configuration A)
Once again, these results were compared to those obtained from numerical simulations. In this case, the FE model included the scanner cavity and the phantom head, as shown in Figure 3C. Although the latter should be considered as composed as a soft, attenuative material, the approximation of using a perfectly rigid behaviour should yield very minor differences in the calculated acoustic field (especially in terms of the spatial field distribution) due to the large impedance mismatch with the surrounding fluid. Critical frequencies were considered, i.e., those displaying the most significant equivalent sound pressure levels in experimental measurements, such as 500 Hz and 632 Hz. Figures 9A, B display acoustic modes obtained for configurations A and B at 504 and 503 Hz, respectively, corresponding to azimuthal modes. Pressure concentrations occurred in the bottom and top parts of the cavity. In this case, the presence of the head phantom did not significantly modify the resonant frequency, but slightly modified the acoustic mode cross-section pressure distribution. In other words, a greater pressure was concentrated in the region around the head (see the insets representing z between 150 mm and 200 mm). Figures 9C, D display the results corresponding to 628 Hz and 625 Hz resonant frequencies. In this case, the azimuthal mode displayed pressure concentrations at the right and left parts of the cavity and this distribution was slightly affected by the presence of the head phantom. In both cases, the resonant frequencies were not significantly affected by the presence of the phantom volume. Although the cross-section pressure distribution was slightly modified by the presence of the phantom, the differences in the experimental values of equivalent sound pressure levels were better explained by the different positions of the microphones which shift from the centreline at z = 15 cm (configuration A) to off-centre (close to the phantom head ears) at z = 9 cm (configuration B). Nevertheless, the most significant acoustic modes might lead to a pressure concentration in either the vertical or horizontal directions, the latter being more troublesome due to their proximity to the ear region.
[image: Figure 9]FIGURE 9 | Simulated acoustic modes corresponding to frequencies with significant experimental equivalent sound pressure levels. Modes at around 500 Hz for (A) configuration A and (B) configuration B; Modes at around 630 Hz for (C) configuration A and (D) configuration (B). Insets show the sound levels in sections corresponding to z coordinates between 150 mm and 200 mm. Colour bars indicate either normalized (p) or absolute (|p|) pressures.
4 CONCLUSION
In conclusion, a detailed characterization and comparison of noise levels was performed in the audible frequency range in a 7 T MRI scanner located in the La Timone Hospital research centre, Marseille. The spatial variations were assessed along the central axis of the cavity and at different off-axis positions in the cavity, both with and without the presence of a phantom simulating the presence of a patient’s head. Both equivalent sound levels and peak levels were considered, to characterize exposure to mean and peak sound levels. Measurements were performed using various typical MRI pulse sequences which are known to provide the highest noise levels.
Our results indicate that sound levels are extremely high in this type of scanner, even more so than in widely used 1.5 T and 3 T scanners. Equivalent sound pressure levels were consistently above 70–80 dB (more than 20 dB above background noise), with maximum values around 90 dB in the frequency range around 500–3,000 Hz. Peak levels were consistently above 100 dB. These values were not available in the literature so far for 7 T scanners, due to their relatively recent introduction. The spatial variation of these levels was confined within the whole cavity region (in both axial and radial directions). The presence of a patient in the MRI scanner (simulated by a phantom head) was linked to increased noise levels (by 5–10 dB), as a result of strong reflections occurring between the head and the bore reflective walls and to the spatial variation of the acoustic modes. Numerical simulations confirmed experimental measurements and indicated that mostly azimuthal or radial modes were excited and contributed to the highest noise levels.
Overall, experimental and simulation results confirmed the critical level of noise within 7 T MRI scanners. At present, there is only one CE marked 7 T scanner available on the market, which is the one that we are considering in this study. Therefore, results from this study can be a reference study for further work on MRI technology in the Literature.
The measured noise levels further support the need of alternative solutions aiming at significantly reducing noise levels. Together with standard noise-abatement strategies, metamaterial layers can provide a workable solution for targeted sound absorption in specific frequency ranges. In particular, labyrinthine structures or space-coiling solutions can provide near-perfect absorption in the 500 Hz- 3 kHz range with a limited panel thickness (<1 cm) and unit cell sizes of few cm [42–44]. To extend the working frequency range, “rainbow” solutions can be adopted [45]. Work is in progress on this topic [46]. In any case, given the acoustic levels, optimal solutions can be obtained from the combination of existing strategies with metamaterial-based solutions which can address the most critical frequency ranges.
Acoustic measurements reported in the present study could be supplemented by surface vibration measurements using laser vibrometer. Such a combined analysis could provide information on the contribution of vibrations to the overall noise levels and indicate whether metamaterial solutions could also be used to reduce vibration transmission in the external panels of the MRI apparatus. The present experimental data, which comprises numerous time signals and their spatial variation in the MRI bore, can further be used to calibrate numerical models of the acoustic field generated therein as a function of the adopted signal sequences. Such a tool would be extremely useful for the assessment of different noise reduction strategies for MRI.
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